. Schematic diagram for change in the composition of nonmetallic inclusions during the Si-deoxidation process of 18Cr-8Ni stainless steel at 1 873 K with amount of silicon addition.
Introduction
Deoxidizing of molten steel and controlling of nonmetallic inclusion formation are necessary steps to produce ultra clean steel. At the deoxidation stage in the steelmaking process, generally multiple deoxidizers are used, and the compositions of deoxidation products "non-metallic inclusions" greatly vary depending on deoxidizing elements and their contents. In order to appropriately design a deoxidation process and to control non-metallic inclusion formation, it is essential to clarify the equilibrium relations among inclusions and molten steel, because the types of inclusion present greatly affect the properties of the product steel.
Especially, in the Si-deoxidation process of 18Cr-8Ni stainless steel, inclusions of MnO-SiO 2 -CrO x system are formed in the molten steel. Segawa et al. 1) have reported that the composition of the inclusions vary depending on the amount of silicon addition, as shown in Fig. 1 . This figure shows the effect of silicon concentration in molten stainless steel on composition and mass ratio of inclusions to the steel at 1 873 K. After the oxidation refining, Mnchromite, MnO · Cr 2 O 3 is formed in molten steel. With increasing silicon addition, the composition of the inclusions changed in sequence of (A) MnO · Cr 2 O 3 , (B) MnO · Cr 2 O 3 ϩMn-silicate, (C) Mn-silicate, (D) Mn-silicateϩSiO 2 and (E) SiO 2 . However, the thermodynamic and the kinetic analysis of the above-mentioned Si-deoxidation process of 18Cr-8Ni stainless steel have not been made due to lack of the thermodynamic data for the inclusions of the MnOSiO 2 -CrO x ternary system, such as the phase diagram, the activities of the components, the Gibbs free energy of intermediate compounds, etc. Regarding the phase diagram of this system, those of the MnO-SiO 2 2) and the SiO 2 -Cr 2 O 3
3)
binary systems have been only reported.
In the present study, as a first step for the investigation of equilibrium relations among non-metallic inclusions and molten stainless steel, the phase equilibria of the MnOSiO 2 -CrO x ternary system were measured at 1 873 K under controlled oxygen partial pressure, and the phase diagram of this ternary system at 1 873 K was determined under the In order to determine the phase diagram of the MnO-SiO 2 -CrO x system for P O 2 ϭ2ϫ10 Ϫ6 Pa at 1873 K, one of the important information for the controlling of non-metallic inclusions (deoxidation products) formation during the stainless steel Si-deoxidation process, the following equilibrium experiments were conducted at 1 873 K under controlled oxygen partial pressure, P O 2 :
(I) Phase equilibria of the MnO-Cr 2 O 3 binary system were measured as a function of P O 2 (2ϫ10
(II) Phase equilibria of the MnO-SiO 2 -CrO x ternary system were measured for P O 2 ϭ2ϫ10 Ϫ6 Pa. Finally, the change in composition of inclusions during this process with increasing silicon addition was examined by using the determined phase diagram of this ternary system. KEY WORDS: deoxidation; stainless steel; non-metallic inclusion; phase equilibrium; phase diagram; oxygen partial pressure; MnO · Cr 2 O 3 ; MnO-Cr 2 O 3 system; MnO-SiO 2 -CrO x system. ) condition of the stainless steel Si-deoxidation process. By using this phase diagram, the change in composition of inclusions during the stainless steel deoxidation process with increasing silicon addition was examined.
Oxygen Partial Pressure in Atmosphere of the Stainless Steel Si-deoxidation Process at 1 873 K
Equilibrium relations involving liquid and/or solid phases in chromium oxide-containing systems have been reported to be dependent on the oxygen partial pressure by other researchers, such as Morita et al. 4) and Muan et al. 5) In order to clarify the phase equilibria of non-metallic inclusions of the MnO-SiO 2 -CrO x system during the Si-deoxidation process, it is necessary to examine the oxygen partial pressure in the atmosphere of this process.
Assuming that the inclusion formation of the SiO 2 -containing systems shown in Fig. 1 is in equilibrium state, the oxygen partial pressure is roughly estimated from the following equilibrium relation among molten steel and SiO 2 -containing inclusions (deoxidation products):
Si(mass%, in molten steel)ϩO 2 (g)ϭSiO 2 (s)........ (1) The equilibrium constant of the Reaction (1) the standard Gibbs free energy change of the Reaction (1) can be derived as:
By combining Eqs. (2) and (8), the oxygen potential per mole of oxygen gas, RT ln p O 2 (J/mol O 2 ) can be expressed as a function of temperature, h Si and a SiO 2 : The solid lines and the broken lines correspond to the results for a SiO 2 ϭ1 and 0.3, respectively. This figure indicates that the oxygen partial pressure increases with decreasing h Si , increasing a SiO 2 and temperature. By using Fig. 2 , the value of p O 2 at the closed circle, which corresponds to the condition of the point X in Fig. 1 , is examined as follows. The point X in Fig. 1 is the minimum limit of silicon concentration in molten steel under Ϫ6 to 2ϫ10 2 Pa to examine the effects of the oxygen partial pressure on the phase equilibria of this binary system.
Experimental Procedure
MnO powder, prepared by thermal decomposition of MnCO 3 , * 2 was mixed with SiO 2 and Cr 2 O 3 powders in required compositions, and the MnO-Cr 2 O 3 or MnO-SiO 2 -CrO x mixture was compressed at a pressure larger than 0.2 GPa in pellet form. The pellet was put in an alumina crucible and heated at 1 873 K under CO-CO 2 gas mixture to control the oxygen partial pressure for a time period longer than 108 ks (30 h). In order to prevent to directly contact the sample pellet with the alumina crucible, a MnO or a Cr 2 O 3 pedestal pellet was interposed between them. After the equilibrium was reached, the crucible was pulled out of the furnace and quenched rapidly by jetting helium gas. In order to identify the equilibrium phase and to determine the equilibrium composition, each phase in the quenched specimen was subjected to the X-ray diffraction analysis and the electron probe X-ray microanalysis (EPMA), respectively. Although the phase of the mixture at X Cr 2 O 3 ϭ0.49 could not be identified from the diffraction pattern by using the PDF (Powder Diffraction File), 9) it was estimated to be the intermediate compound, MnO · Cr 2 O 3 from its composition (X MnO : X Cr 2 O 3 Լ1 : 1). By the way, Segawa et al. 1) have regarded the inclusions formed in their Si-deoxidation experiments as MnO · Cr 2 O 3 by comparing the X-ray diffraction pattern of the inclusions with that of MnO · Cr 2 O 3 synthesized by sintering the MnO-Cr 2 O 3 mixture at the mean composition of X MnO : X Cr 2 O 3 ϭ1 : 1 under argon atmosphere. The result obtained from the X-ray diffraction analysis of the binary mixture at X Cr 2 O 3 ϭ0.49 in the present study are tabulated in Table 1 , as compared with their reported results. The present result is in good agreement with the results of Segawa et al. On the other hand, even at the same composition (X Cr 2 O 3 ϭ0.33), the pattern for P O 2 ϭ2ϫ10
2 Pa is different from that for P O 2 ϭ2ϫ10 Ϫ2 Pa, as shown in Fig. 3 Consequently, the phase equilibria of the MnO-Cr 2 O 3 binary system seem to be affected by oxygen partial pressure.
Effect of Oxygen Partial Pressure on Phase
Equilibria of MnO-Cr 2 O 3 Binary System Figure 4 shows the relation between the oxygen partial pressure and the composition of each phase in this binary system determined by EPMA (quantitative analysis). The crosses represent the mean composition of specimen before the equilibration, and the closed and the open circles represent the composition of each phase after the equilibration. For all oxygen partial pressures, two different phases, represented by the closed circles, were identified in quenched specimen with initial mean compositions at the crosses in this figure. At P O 2 ϭ2ϫ10 Ϫ2 and 2 Pa, the composition of each phase was determined as the same value in different initial mean composition cases, which suggests that these determined compositions are in equilibrium. In the cases where the initial mean composition is located in the single phase region, there is no change in the composition of the specimen during reactions, as represented by the open circles.
This figure indicates that a great change in the oxygen partial pressure over two or three orders of magnitude have an effect on the phase equilibria of the MnO-Cr 2 O 3 binary system. At a oxygen partial pressure higher than 2ϫ10
Ϫ2
Pa, the solubility of manganese oxide in MnO · Cr 2 O 3 phase significantly increases with increasing oxygen partial pressure. At a oxygen partial pressure lower than 2ϫ10 Ϫ2 Pa, the solubility of chromium oxide in MnO · Cr 2 O 3 phase significantly increases with decreasing oxygen partial pressure. On the other hand, the solubility of manganese oxide in Cr 2 O 3 phase increases little with increasing oxygen partial pressure. The solubility of chromium oxide in MnO phase is almost unchanged and independent of the oxygen partial pressure.
Mechanism of Chromium Oxide Dissolution into
MnO Phase at a Lower Oxygen Partial Pressure Figure 5 shows the composition of each phase in this quasi-binary system at (a) a lower (2ϫ10 As shown in Fig. 5 (a) , the compositions of MnO solid solution are located on the line connecting "MnO" with "CrO". Consequently, chromium oxide seems to dissolve into MnO phase in the form of CrO with the evolution of O 2 . The dissolution reaction is expressed by the following Table 2 . Because the valences of chromium in this ternary system could not be determined experimentally in the present study, chromium oxide was represented by CrO x . The specimens of the MnO-SiO 2 -CrO x system after the equilibrium experiments (Runs 1-10) consist of two, or three of five phases: MnO, SiO 2 , CrO x , MnO · Cr 2 O 3 and Mn-silicate phases. Figure 6 , as an example of the results of raster scanning (area analysis) by EPMA, shows (a) the backscattered electron image, BEI (composition image) and the X-ray images of (b) silicon, (c) manganese and (d) chromium in selected area on the specimen after the equilibrium experiment of Run 1. The BEI, which has a high capability to show a high contrast corresponding to chemical composition, demonstrates that this quenched specimen is in the three phase-coexisting state. The X-ray image shows a contrast due to element concentration gradient. For example, in the X-ray image of silicon, the bright areas correspond to silicon rich ones and the dark areas correspond to silicon poor ones. The phase A in the BEI, where only manganese is detected, was judged as MnO phase. The phase B, where both silicon and manganese are detected, was judged as Mn-silicate phase. The phase C was judged as MnO · Cr 2 O 3 phase, because both manganese and chromium are detected and silicon is not.
Based on both the results of the quantitative analysis and the raster scanning of EPMA, the phase diagram of the MnO-SiO 2 -CrO x ternary system for P O 2 ϭ2ϫ10 Ϫ6 Pa at 1 873 K was determined, as shown in Fig. 7 . The double circles represent the liquidus compositions at 1 873 K in the phase diagram of the MnO-SiO 2 binary system. 2) Regarding the present results, the mean compositions of 
Conclusions
The phase equilibria of the MnO-Cr 2 O 3 binary and the MnO-SiO 2 -CrO x ternary systems at 1 873 K, one of the important information for the controlling inclusion formation during the stainless steel Si-deoxidation process, were measured under controlled oxygen partial pressure.
( Ϫ6 Pa). By using this phase diagram, the phase present in the nonmetallic inclusions during stainless steel deoxidation process was determined as a function of silicon addition, including the possible coexistence of solid Mn-chromite (MnO · Cr 2 O 3 )ϩliquid Mn-silicate and of liquid Mn-silicateϩsolid silica (SiO 2 ).
